Nitrate serves as a potent signal to control gene expression in plants and algae, but little is known about the signaling role of nitrite, the direct product of nitrate reduction. Analysis of several nitrate-induced genes showed that nitrite increases mRNA levels as rapidly as nitrate in nitrogen-starved Arabidopsis (Arabidopsis thaliana) roots. Both nitrite and nitrate induction are apparent at concentrations as low as 100 nM. The response at low nitrite concentrations was not due to contaminating nitrate, which was present at ,1% of the nitrite concentration. High levels of ammonium (20 mM) in the growth medium suppressed induction of several genes by nitrate, but had varied effects on the nitrite response. Transcriptome analysis using 250 or 5 mM nitrate or nitrite showed that over one-half of the nitrate-induced genes, which included genes involved in nitrate and ammonium assimilation, energy production, and carbon and nitrogen metabolism responded equivalently to nitrite; however, the nitrite response was more robust and there were many genes that responded specifically to nitrite. Thus, nitrite can serve as a signal as well as if not better than nitrate.
Nitrate acts as a signal and a nutrient that supports and regulates plant growth, development, and metabolism (Crawford, 1995; Stitt, 1999; Crawford and Forde, 2002; Forde, 2002) . Early studies on nitrate signaling demonstrated that nitrate induces de novo synthesis of nitrate reductase (NR), the first enzyme in the nitrate assimilation pathway (Zielke and Filner, 1971; Somers et al., 1983; Remmler and Campbell, 1986) . Subsequent work demonstrated that nitrate induces other genes in the nitrate assimilation pathway, namely, nitrate transporters (NRTs) and nitrite reductase (NiR), as well as genes involved in energy metabolism especially in the pentose phosphate pathway (Wang et al., 2000 ; for review, see Redinbaugh and Campbell, 1991; Stitt, 1999) . Genomic analyses have now provided a comprehensive dataset of over 1,000 nitrate-responsive genes in Arabidopsis (Arabidopsis thaliana; Wang et al., 2003 Wang et al., , 2004 Scheible et al., 2004; Gutierrez et al., 2007) . These transcriptome studies have confirmed that nitrate assimilation and aspects of energy metabolism are nitrate responsive and have added glycolysis, trehalose-6-P metabolism, amino acid and nucleotide metabolism, and regulation (including kinases and transcription factors) as processes that respond to nitrate within 2 to 3 h of treatment.
As a nutrient, nitrate is converted first to nitrite, then to ammonium, and then to amino acids by the nitrate assimilation pathway. As such, it is possible that the downstream metabolites of nitrate could play a role in the nitrate response by serving as signaling compounds. For example, a specific gene that is induced 2 to 3 h after nitrate treatment may be responding to changes in the concentration of nitrite or ammonium instead of, or in addition to, nitrate. To investigate this possibility, a NR-null mutant lacking NR activity (i.e. produces no nitrite from NR) was constructed in Arabidopsis (Wang et al., 2004) . A 2-h nitrate treatment was performed and the responses of both shoot and root transcriptomes were analyzed. It was discovered that, of the 1,596 genes that responded to nitrate in wild-type plants under these conditions, 595 genes also responded similarly in the NR-null mutant. These 595 genes did not require nitrate reduction to be induced or depressed and thus can respond directly to nitrate. Another 492 genes (out of the original 1,596 genes) responded only in the wild type and not in the mutant and thus required nitrate reduction to be induced or depressed. This class of genes may respond to downstream metabolites. To test this idea, we examined the effect of nitrite on the Arabidopsis root transcriptome.
Nitrite is thought to be a transient intermediate in the nitrate assimilation pathway, being produced from nitrate by NR and then being rapidly reduced to ammonium by NiR. Nitrite is considered a toxic metabolite because if it is allowed to accumulate, it can have deleterious effects on the plant. Nitrite concentrations in illuminated leaves from wild-type plants have been measured at 10 mM . In contrast, NiR-deficient plants, which accumulate high nitrite levels, display chlorosis and dramatically reduced growth in tobacco (Nicotiana tabacum; Vaucheret et al., 1992) and rapid death in barley (Hordeum vulgare; Duncanson et al., 1993) if grown with nitrate. Such plants also produce high levels of nitric oxide (NO; Morot- Gaudry-Talarmain et al., 2002) because nitrite serves as a substrate for the formation of NO (Yamasaki et al., 1999; Rockel et al., 2002; Lea et al., 2004; Meyer et al., 2005; Planchet et al., 2005) . It should be noted that nitrite can have a beneficial effect because it protects maize (Zea mays) roots from anoxia by reducing cytoplasmic acidosis (Libourel et al., 2006) .
Very little is known about the signaling effects of nitrite. Being a precursor to NO, nitrite could serve as an indirect signal. For example, nitrite-dependent NO synthesis has been implicated in abscisic acid-induced stomatal closure (Desikan et al., 2004; Bright et al., 2006) . However, not much is known about direct signaling by nitrite. Classic studies have shown that nitrite treatments can affect different steps in the nitrate assimilation pathway, but it was not clear whether nitrite was the actual signal. In barley roots, nitrite could inhibit nitrate uptake, but so could ammonium (King et al., 1993) . In leaves of barley seedlings, nitrite increased NiR activity, but only after the nitrite was oxidized to nitrate, indicating that nitrate and not nitrite was the inducing signal (Aslam and Huffaker, 1989) . In Chlamydomonas, several articles reported both positive and negative effects of nitrite on Nia1 promoter activity (Loppes et al., 1999; Llamas et al., 2002) , but these were shown to be due to nitrate contamination in the nitrite solutions or to the inhibition of two of the nitratenitrite transport systems (Llamas et al., 2002) .
More recent work has provided evidence that nitrite might act as a direct signal both to repress and induce gene expression. In Arabidopsis, the nonsymbiotic hemoglobin gene AtGLB1 is strongly induced after 2 h of 5 mM KNO 2 treatment, which is similar to the response observed with 5 mM KNO 3 (Sakamoto et al., 2004) . In Physcomitrella, the NRT gene NRT2;5 is induced by 1 mM nitrite after 4 h, whereas NRT2;1 and NRT2;2 are strongly repressed (Tsujimoto et al., 2007) . In Arabidopsis roots, 0.5 to 1.0 mM KNO 2 repressed NRT1.1 and NIA1 mRNA levels after 6 and 24 h of treatment (Loque et al., 2003) . These results motivated us to perform a systematic investigation of the role of nitrite as a signal that regulates gene expression.
RESULTS

Nitrite Induces Several Test Nitrate-Responsive Genes
To test the ability of nitrite to act as a signal, Arabidopsis plants were grown in liquid cultures with ammonium as the sole nitrogen source for 9 d. Seedlings were then deprived of nitrogen for 24 h before treating with nitrite. RNA was isolated from roots and then examined by real-time quantitative (Q)-PCR from at least three biological replicates. For the control, roots were treated with the same concentration of KCl. NiR (At2g15620) mRNA levels were examined first because NiR is one of the most nitrate-responsive genes in Arabidopsis (Wang et al., 2003) . A nitrite concentration of 250 mM was initially tested because we have used this concentration for many of our previous nitrate transcriptome studies (Wang et al., 2003) . and NiR mRNA in response to nitrite and nitrate. Arabidopsis seedlings were grown in aseptic hydroponics for 9 d in complete medium with 2.5 mM (NH 4 ) 2 succinate as the sole nitrogen source, then transferred for 1 d to fresh medium with no nitrogen. On day 10, seedlings were treated with either 250 mM KNO 2 (A and C) or 250 mM KNO 3 (B and D) for the indicated times. Root RNA was analyzed by real-time Q-PCR to determine relative mRNA levels for NIA1 and NiR as described in ''Materials and Methods.'' Averages from three biological replicates with SEs are shown as fold of induction with KCl treatment serving as the control.
A time course analysis revealed that 250 mM nitrite induced a detectable 3-fold increase in NiR mRNA after only 5 min and a strong increase by 20 min (Fig.  1A) . Further incubation (for a total of 2 h) resulted in a small decrease in median NiR mRNA levels relative to 20 min. In comparison, 250 mM nitrate treatment resulted in similar kinetics of induction (Fig. 1B) . These results indicate that nitrite treatments induce NiR with similar kinetics to that of nitrate.
To determine whether nitrite can induce another nitrate-responsive gene, mRNA levels for the NR gene NIA1 (At1g77760) were examined using the same RNA samples described above. The kinetics of induction for NIA1 was slightly delayed compared to NiR; a 4-fold increase in mRNA levels in response to nitrite was first observed at 10 min. There was a substantial increase by 20 min, which decreased dramatically after 2 h (Fig.  1C) . In comparison, nitrate treatment resulted in similar kinetics of induction for the first 20 min; however, NIA1 mRNA levels continued to increase after 2 h of nitrate treatment (Fig. 1D) . These results indicate that nitrite induces NIA1 with similar initial kinetics observed with nitrate, but at 2 h the response markedly differed.
An important parameter in these experiments is the concentration of the signal during the time course of the experiments. Nitrite and nitrate levels were measured in the medium, and both showed only a small decrease during the 2-h treatment (Fig. 2) . Thus, the amount of signal remains high during the full course of these experiments.
The nitrite responses were tested for three additional nitrate-responsive genes to compare with those of NiR and NIA1. Phosphoglycerate mutase (At1g78050), which functions in glycolysis and is highly induced by nitrate, shows high induction at 20 min with both nitrite and nitrate, and declines dramatically at 2 h with both nitrite and nitrate (Supplemental Fig. S1 ). Glc-6-P dehydrogenase (At1g24280), which is a highly nitrateresponsive gene in the pentose phosphate pathway, shows a similar response to phosphoglycerate mutase, except that the decline at 2 h with nitrite is less dramatic (Supplemental Fig. S2 ). Last, the NRT gene NRT1.1 (At1g12110) is induced most strongly at 20 min and shows almost no decline after 2 h with both nitrate and nitrite (Supplemental Fig. S3 ). Thus, all these genes showed similar induction kinetics for nitrate and nitrite for the first 20 min but differed in their extent of decline (relative to the 20-min time point) after 2 h.
Concentration Dependence of the Nitrite and Nitrate Response
To determine the sensitivity of NiR and NIA1 to nitrite and nitrate, concentration dependence was measured. The same growth and treatment conditions of 9 d with ammonium, 1 d nitrogen deprivation, and 20 min of treatment as described above were used. Concentrations from 10 nM to 5 mM were tested and root mRNA was analyzed by Q-PCR. The lowest nitrite concentration showing a 2-fold or greater increase in NiR mRNA levels was 100 nM (Fig. 3A) . The response to nitrate was similar with the first 2-fold or greater increase observed at 100 nM (Fig. 3B ). NIA1 behaved similarly with the first increase in NIA1 mRNA levels occurring at 100 or 200 nM for both nitrite ( Fig. 4A ) and nitrate ( Fig. 4B ).
Transcriptome Response to 250 mM Nitrite and Nitrate
Because the kinetics and concentration dependence of the nitrate and nitrite responses were similar for NiR and NIA1, we examined the nitrite response at a genomic level and compared it with the transcriptome response to nitrate. For these experiments, seedlings were treated as described above with 9 d of ammonium, 1 d of nitrogen deprivation, and 20 min of 250 mM nitrite or nitrate treatment (the control was the same treatment with chloride instead of nitrate or nitrite). Root mRNA was analyzed from two biological replicates using the Affymetrix ATH1 Genome Arrays. Datasets were filtered by selecting only those genes that were significantly induced or depressed in both biological replicates as determined by Affymetrix MicroArray Suite 5.0 software (i.e. had I or D call values). In addition, only those genes that showed significant mRNA levels (i.e. given a P call and had signal values of 100 or more) in both replicates for either the treated condition (for induced genes) or in the control treatment (for Tables S3 and S4 .
Microarray data revealed that the nitrite response was more robust than the nitrate response in terms of the number of genes showing significant changes in mRNA levels in roots. Nitrite induced 384 genes and depressed 501 genes for a total of 885 responsive genes under these conditions (Supplemental Table S1 ). In comparison, nitrate induced 276 genes and depressed 344 genes for a total of 620 genes (Supplemental Table  S2 ). The average (mean) fold-induction and SD were 3.04 (63.76) for nitrite and 3.66 (64.65) for nitrate.
To identify which pathways and processes were most responsive to nitrite in these experiments, the set of nitrite-responsive genes were analyzed by the BioMaps program at Virtual Plant (www.vitrualplant. org). BioMaps identifies functional groups that are most overrepresented in a given set of genes using either the classification system from the Munich Information Center for Protein Sequences (MIPS; http://mips. gsf.de) or the gene ontology assignments from TAIR (www.arabidopsis.org). The MIPS functional groups most overrepresented among the nitrite-induced genes were energy, pentose phosphate pathway, carbon metabolism, nitrogen and sulfur metabolism, metabolism (i.e. general metabolism), assimilation of ammonium, and metabolism of energy reserves (Table I) .
When the BioMaps profile for the nitrite-induced genes was compared with the BioMaps profile for the nitrate-induced genes (Table II) , extensive overlap was found. Six of the seven groups were identical (energy, pentose phosphate pathway, carbon metabolism, nitrogen and sulfur metabolism, metabolism, and assimilation of ammonium). Thus, among the induced genes, there is extensive overlap between the sets of pathways and processes that are most impacted by nitrate and nitrite.
Such similarity among functional groups was not observed for the depressed genes. No overlap in functional groups between nitrate-and nitrite-depressed genes was found. In fact, very few functional groups were overrepresented among the depressed genes. For the nitrite-depressed genes, only one group (secondary metabolism) showing a weak P value of 1.4 3 10 23 was found using MIPS. If the gene ontology assignments from TAIR were used instead of MIPS, the categories of peptide transport and oligopeptide transport were found with significant P values of ,1 3 10 25 . None of these groups were found among the nitrate-depressed genes; however, the group cell wall was identified with a highly significant P value of 1.7 3 10 210 using MIPS. To examine the overlap between the nitrate and nitrite response more carefully, pair-wise gene comparisons Figure 1 and then treated for 20 min with KNO 2 (A) and KNO 3 (B) at concentrations between 10 nM and 5 mM as indicated. Roots were harvested for total RNA preparation and relative NiR mRNA levels were determined by Q-PCR. Averages of three biological replicates with SEs are shown as fold of induction with KCl treatment serving as the control.
were made between the two lists. A Venn diagram (Fig. 5 ) was produced showing how many genes were induced or depressed by both nitrate and nitrite using the filtering criteria described above. Almost 80% of the nitrate-induced genes (218) can also be induced by nitrite. Among the nitrate-depressed genes, slightly .50% can also be depressed by nitrite. Thus, there is substantial overlap between the sets of nitrate and nitrite-responsive genes.
We also identified genes that responded specifically to nitrite and not nitrate. For this analysis, the filtering criteria were made more stringent than that for Figure  5 in that only genes showing no corresponding induction or depression by nitrate in either replicate were included. Of the 885 nitrite-responsive genes, 110 genes were found not to be similarly nitrate responsive (Supplemental Table S5 ). BioMaps analysis showed no significant overrepresentation in any functional group for this group of genes. Thus, no pathway or process can be found that might be specifically affected by 250 mM nitrite and not nitrate; however, genes could be identified whose response was nitrite specific. Figure 1 and then treated for 20 min with KNO 2 (A) and KNO 3 (B) at concentrations between 10 nM and 5 mM as indicated. Roots were harvested for total RNA preparation and relative NIA1 expression was determined by Q-PCR. Averages of three biological replicates with SEs are shown as fold of induction with KCl treatment serving as the control. Table I . BioMaps analysis of 250 mM nitrite-induced genes Frequencies are percent of genes that are classified in a given MIPS functional group. Observed frequency refers to genes in the nitrite-induced set. Expected frequency refers to genes in the entire genome. Groups are ranked by their P values, which were determined by comparing the observed with the expected frequencies for that functional group using the hypergeometric distribution method. There are several possible mechanisms whereby nitrite could increase or depress mRNA levels. Our experiments indicate that nitrite itself is serving as a signal, but we checked several other possibilities. Because our plants were nitrogen-deprived, the addition of nitrite provides nitrogen to the plants. The speed of the response observed in our experiments suggests that it is unlikely that reprovision of nitrogen is the cause of the nitrite response; however, we checked this possibility by treating plants with another inorganic nitrogen source (ammonium) at 250 mM for 20 min. No increases in NiR or NIA1 mRNA levels were detected (Supplemental Fig. S4 ; data not shown). Another possible mechanism is that nitrite is converted to NO, which elicits the response. NO production was assessed by staining roots of wild-type plants with the NO-reactive dye 4-amino-5-methylamino-2#,7#-difluorofluorescein diacetate. A 20-min treatment with 250 mM nitrite showed no increase in 4-amino-5-methylamino-2#,7#-difluorofluorescein diacetate fluorescence (Supplemental Fig. S5 ). We only observed an increase in fluorescence above 1 mM nitrite (Supplemental Fig. S6 ). We also tested the NR-null mutant for its response to nitrite. NR can convert nitrite to NO (Yamasaki et al., 1999; Rockel et al., 2002) . We found little difference in NiR induction by nitrite in the NRnull mutant compared to wild-type plants (Supplemental Fig. S4) .
Last, we checked the possibility that our nitrite solutions were contaminated with nitrate and that the nitrite response is in fact due to nitrate. Nitrite solutions were tested by HPLC analysis and found to have nitrate at levels slightly ,1% of the nitrite concentration. Because the concentration dependence for nitrate and nitrite were so similar (both showed responses at concentrations as low as 100 nM), it is very improbable that 1% nitrate contamination (e.g. at levels of ,10 nM in a 1.0 mM nitrite solution) could account for the nitrite response at low nitrite concentrations. Thus, we find no evidence that the nitrite response is mediated by NO or ammonium or by nitrate at low nitrite concentrations.
Transcriptome Response to 5 mM Nitrite and Nitrate
Because of the low levels of nitrate found in the nitrite solutions, a concentration of 250 mM nitrite would have slightly ,2.5 mM nitrate. This concentration of nitrate can induce NiR and NIA1 (Figs. 3 and 4) . To rule out any influence of nitrate in the nitrite response for the transcriptome experiments, microarray analyses were performed on roots treated with 5 mM nitrite, which has ,50 nM nitrate, a concentration where no response was observed for NiR and NIA1 (Figs. 3 and  4) . RNA samples used for the 5 mM nitrite and nitrate data points in Figures 3 and 4 were analyzed using the ATH1 chips as described above (datasets were filtered Figure 5. Summary of 250 mM microarray data. Venn diagrams show number of genes that respond to 250 mM nitrate and/or nitrite in Arabidopsis roots after 20 min. Nitrate and nitrite treatments and RNA preparation were performed as described in ''Materials and Methods.'' Microarray analysis was performed using the Affymetrix ATH1 GeneChip array. Only genes that had call values of I (induced) or D (depressed) in both replicates and had a P call value and signal values of 100 or more in both replicates in at least one of the treatment conditions were included. In addition, genes with no TAIR ID number (six genes total) were not included. Numbers in the intersection refer to genes respond to both nitrate and nitrite (induced [A] or depressed [B] ); numbers outside the intersections refer to genes that responded to nitrite or nitrate alone using the filtering criteria described above.
by selecting only those genes that were significantly induced or depressed in both biological replicates [i.e. had I or D call values]) and had significant mRNA levels (i.e. given a P call and had signal values of 100 or more) in both replicates for either the treated condition (for induced genes) or the control treatment (for depressed genes). The lists of genes that satisfied these criteria are provided in Supplemental Tables S6 and  S7 . Complete datasets showing average response ratios, gene annotation (using TAIR 7), call, and signal values for all genes in the ATH1 array are given in Supplemental Tables S8 and S9 . The results from these analyses showed that, based on the number of genes, the 5 mM nitrite response was much stronger than the 5 mM nitrate response using the filtering criteria described above (Table III) . There were over 3-fold more nitrite-induced than nitrate-induced genes and over 25-fold more nitrite-depressed than nitrate-depressed genes. Compared to the 250 mM response, the 5 mM nitrite response was comparable (790 versus 885 genes), whereas the 5 mM nitrate response was much lower (144 versus 620 genes).
A BioMaps analysis of the 5 mM nitrite-induced genes showed that seven of the overrepresented functional groups are the same as those observed for the nitrateinduced genes (energy, metabolism, nitrogen and sulfur metabolism, assimilation of ammonium, glycolysis and gluconeogenesis, carbon and carbohydrate metabolism, and pentose phosphate pathway; Tables II and IV ). In addition, there are four processes related to ion transport that are also overrepresented in the nitrite-induced genes. No overrepresented functional groups were identified among the nitrite-depressed genes.
Pair-wise comparisons were performed between the nitrate and the 5 mM nitrite-responsive genes (Supplemental Table S10 ). Because so few genes responded to 5 mM nitrate, all genes that responded to either 5 or 250 mM nitrate in both replicates were included in the comparison. Most of the nitrate-induced genes (229% or 76%) were also induced by nitrite (Fig. 6) , which was also found for the 250 mM nitrite response described above (Fig. 5) . However, among the depressed genes, there was almost no overlap (,10%; Fig. 6 ). If the nitritespecific genes were examined using BioMaps, only the nitrite-specific induced genes showed any functional groups that were overrepresented and these groups were ion transport (P value of 3.6 3 10 24 ) and metabolism (P value of 2.0 3 10 23 ). Among the ion transporters were the NRT gene NRT2.5 and the ammonium transporter gene AMT1.3. This would suggest that these genes may have a nitrite-specific function (e.g. perhaps NRT2.5 is involved in nitrite uptake). However, these genes were not induced at 250 mM nitrite; thus, their relationship to nitrite is not clear.
Effect of High Ammonium on the Nitrite and Nitrate Response
Ammonium has been shown to affect the expression of several hundred genes in Arabidopsis roots (Fizames et al., 2004) . High ammonium levels (20 mM or greater) have been used as a nitrogen source for several nitrate transcriptome studies (Wang et al., 2000) . We tested the effect of high ammonium levels on the nitrite and nitrate responses of NiR and NIA1 to determine whether they had any effect on these responses. In the experiments described above, plants were initially provided with 5 mM ammonium and then starved for nitrogen for 24 h from days 9 to 10. In the new experiments, plants were grown as above, except the initial medium contained 20 mM ammonium [10 mM (NH 4 ) 2 succinate]. The medium was replaced at 9 d with medium containing 20 mM ammonium; therefore, plants were exposed to high ammonium throughout their growth. At 10 d, plants were treated with various concentrations of nitrite or nitrate; root RNA was isolated and analyzed by Q-PCR (Fig. 7) . The data show that the 100 nM to 10 mM nitrite induction ratios for NiR and NIA1 were slightly suppressed in most cases by the high ammonium (blue bars) relative to the nitrogendeficient (red bars) medium. However, at 100 mM nitrite, the response was unexpectedly increased by the high ammonium. For nitrate, the data show that high ammonium strongly decreased the median induction ratios at all nitrate concentrations tested. It also decreased the overall mRNA levels of NiR 3-fold and of NIA1 26-fold (data not shown). Of special note is that high ammonium obscured the nitrate response at very low concentrations of nitrate because the level of nitrate required to observe a 2-fold induction or greater was increased from 100 nM to 10 mM for NIA1 and from 100 nM to 1 mM for NiR.
DISCUSSION
Our results demonstrate that nitrite can serve as a signal that rapidly induces and depresses mRNA levels within minutes of application to roots of Arabidopsis plants. Nitrite concentrations as low as 100 nM can elicit a response of 2-fold or more for NiR. Experiments that examined possible involvement of ammonium or NO (metabolites of nitrite) in the nitrite response gave negative results. These findings suggest that nitrite is working directly as a signal to regulate gene expression.
An important issue in these experiments is possible contamination of the nitrite solutions with nitrate. Because there was extensive overlap between the nitrate and nitrite responses (in terms of pathways and genes affected), this issue is of some concern. Direct measurements using HPLC showed that the nitrite solutions had slightly ,1% contamination with nitrate. Thus, responses to nitrite solutions at 10 mM or less should have little to no interference from nitrate (e.g. the 5 mM nitrite transcriptome experiment) given that little or no response was observed at concentrations of nitrate ,100 nM. For nitrite solutions .10 mM, nitrate could contribute to the response (e.g. the 250 mM transcriptome experiment). However, even at higher nitrite concentrations, much of the nitrite response cannot be accounted for by nitrate because there are clear nitritespecific responses (e.g. .100 genes showed a nitrite, but not nitrate, response at 250 mM).
These findings raise the question: Is there a physiological role for the regulation of genes by nitrite? Normally, nitrite is restricted to cells in which it is made and is present at low micromolar levels compared to high (millimolar) nitrate levels; however, when roots experience hypoxia or anoxia, nitrite levels increase to levels where nitrite is secreted from roots (Botrel et al., 1996; Allegre et al., 2004; Libourel et al., 2006) . It has been proposed that nitrite helps protect plants from anoxia by reducing cytoplasmic acidosis (Libourel et al., 2006) and supporting anaerobic metabolism (Stoimenova et al., 2003 (Stoimenova et al., , 2007 Igamberdiev et al., 2005) . From our bioinformatics analysis and from inspection of the gene lists, we found no evidence for nitrite-specific effects on processes involved in anaerobic metabolism (having found only ion transport and general metabolism in the BioMaps analysis), but it is worth further study to test the idea that nitrite may regulate anoxic responses.
A previous publication had indicated that nitrite represses two nitrate-induced genes. Specifically, 0.5 to 1.0 mM KNO 2 repressed NRT1.1 and NIA1 mRNA levels after 6 and 24 h of treatment in Arabidopsis roots (Loque et al., 2003) . At first glance, these results might appear to contradict our findings; however, these experiments examined treatments for much longer time frames (6-24 h versus 20 min in our experiments). Interestingly, in our experiments, NIA1 shows strong depression after 2 h of nitrite treatment so that it is certainly possible that even longer treatments would result in even lower NIA1 mRNA levels.
There were several surprises from our studies. First was the finding that nitrite could serve as such a potent signal. Several recent reports provided evidence that nitrite could function as a signal in plants, but there was no indication or expectation that it could serve as a transcriptome signal rapidly affecting the mRNA levels of almost 900 genes at micromolar concentrations. In fact, our data indicate that nitrite is a more potent signal than nitrate after 20 min of treatment. This was most apparent in the 5 mM transcriptome experiment, where 3-and 25-fold more genes were induced and depressed, respectively, by nitrite than nitrate (Table  III) . This effect could be due to stronger affinity of the sensing system to nitrite compared to nitrate or to faster uptake of nitrite. It is also possible that the small Figure 6. Summary of 5 mM microarray data. Venn diagrams show number of genes that respond to 5 mM nitrite and/or 5 or 250 mM nitrate in Arabidopsis roots after 20 min as described in Figure 5 legend. Numbers in the intersection refer to genes responding to both nitrite and at least one of the nitrate treatments (induced [A] or depressed [B] ); numbers outside the intersections refer to genes that did not fit this profile.
amount of nitrate in the nitrite solutions could be potentiating or synergistically enhancing the nitrite response. Second, the overlap between the nitrate and nitrite response was quite extensive. This was most apparent for the induced genes where approximately threefourths of the nitrate-induced genes were also induced by nitrite. Also, almost all of the pathways and processes induced by nitrate are also induced by nitrite. This extensive overlap, as well as the strong similarity among the concentration dependence and initial kinetics for both nitrate and nitrite, leads us to propose that the nitrate-sensing system in Arabidopsis roots recognizes nitrite as well as, if not better, than nitrate.
Last, the concentration dependence of the observed nitrate response (Fig. 4) indicates that sensitivity to nitrate is almost 2 orders of magnitude greater than previously thought. Previous publications had reported responses to nitrate at concentrations above 10 mM (Tischner et al., 1993) , whereas our results show a response threshold around 100 nM as long as plants are starved for nitrogen for 24 h and not treated with high ammonium (20 mM). Thus, nitrate (and nitrite) serves as signals at nanomolar concentrations in nitrogenstarved Arabidopsis roots.
MATERIALS AND METHODS
Plant Material
Arabidopsis (Arabidopsis thaliana) plants were of Columbia ecotype unless otherwise indicated. The NR-null mutant was made by crossing a nia1 insertion mutant (SALK_088070) with a nia2 insertion mutant (SALK_088070; Alonso et al., 2003) supplied by the Arabidopsis Resources Center (www. arabidopsis.org).
Growth and Treatment Conditions
Arabidopsis seedlings were grown under hydroponic conditions as previously described (Wang et al., 2003) . Briefly, approximately 100 seedlings were grown at 25°C with continuous light supported on nylon mesh so that roots were submerged in liquid medium and shoots were above the medium. Seedlings were germinated, then grown in 25 mL of liquid medium containing 2.5 mM (NH 4 ) 2 succinate as the nitrogen source, 0.5% (w/v) Suc, and other essential macro-and micronutrients for 9 d, then shifted to 100 mL of fresh medium lacking (NH 4 ) 2 succinate for 24 h (note that the initial Cl 2 concentration was over 2 mM). At day 10, treatments were initiated by adding 250 mL solution of KNO 2 or KNO 3 (treatment) or KCl (control) to the culture to reach the specified concentrations in the medium. Plants were grown for the specified amount of time and then roots were harvested for RNA extraction. For nitrate and nitrite treatments in the presence of high ammonium, plants were grown similarly as described above, except that the initial (NH 4 ) 2 succinate concentration was 10 mM. After 9 d of incubation, seedlings were transferred to 100 mL of fresh medium containing 10 mM (NH 4 ) 2 succinate.
Nitrate and Nitrite Assay
Nitrate was assayed by reversed-phase ion-pair HPLC as described by Zuo et al. (2006) with a Luna 5 mm C18(2) 100A 250 3 2.0 mm column from Phenomenex.
Nitrite concentration in hydroponics medium was determined by the Griess assay. A 0.5-mL sample was mixed with 0.5 mL of 1% sulfanilamide in 3 N HCl; then, with 0.5 mL of 0.02% N-(1-naphthyl) ethylene-diamine dihydrochloride in water. The solution was incubated at room temperature for 15 min and then centrifuged at 12 K rpm to remove any precipitate. The OD 540 was then determined. Standard curve was made with NaNO 2 in water at concentrations between 2 and 50 mM.
RNA Preparation
Total RNA was prepared from roots using a total RNA miniprep kit (BioPioneer) and quantified with a Genesis 6 spectrophotometer.
Real-Time Q-PCR
Real-time PCR was performed using a LightCycler system from Roche Diagnostics. Template cDNA samples were prepared using the SuperScript first-strand synthesis system kit (Invitrogen) for real-time PCR with 1.5 mg of total RNA in a reaction volume of 10 mL. The cDNA synthesis reaction mixture was diluted 10 times before being used for PCR. Primers for PCR reactions were designed to have a melting temperature of about 60°C to 65°C and to give a PCR product between 175 to 300 bp. The oligo primers used were as follows: NIA1 (forward primer, 5#-ATCGTCAAAGAAACCGAAGTC; and reverse primer, 5#-ACGGAGCATGGATGAGTT); NiR (forward primer, 5#-CCGGT-AGCCAGTTCTGCG; and reverse primer, 5#-CCTATTCGTCCCCCGACGT); Clathrin (At4g24550, as the reference for Q-PCR; forward primer, 5#-ATACG-CGCTGAGTTCCC and reverse primer, 5#-CTGACTGGCCCTGCTT).
The LightCycler FastStart DNA Master SYBR Green I Q-PCR kit (Roche Diagnostics) was used for PCR reactions. Each PCR reaction contained 2 mL of cDNA (diluted 103 of first-strand cDNA synthesis reactions) and 0.5 mM of each primer. The initial denaturing time was 10 min, followed by 45 PCR cycles consisting of 94°C for 0 s, 63°C for 5 s, and 72°C for 10 s. A melting curve was run after the PCR cycles. Quantification was performed with LightCycler relative quantification software 1.0.
Target Preparation and Processing for GeneChip Analysis
Procedures for target preparation and processing for GeneChip Analysis were as previously described (Wang et al., 2003) .
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